The authors report a novel actively mode-locked unidirectional semiconductor ring laser constructed from discrete fibre pigtailed components. When driven at lOGHz, the laser produces near transform-limited pulses of 3ps duration.
Actively mode-locked lasers operating at repetition rates of lOGHz or above have been extensively investigated as they are a possible source of pulses of a few picoseconds duration suitable for high bit rate optical time domain multiplexed communications systems. Those that have been reported to date include erbiumdoped fibre lasers containing LiNBO, amplitude [I -31 or phase modulators [4] , all-optically mode-locked fibre lasers [5] , monolithic semiconductor lasers with intracavity electroabsorption modulator (EAM) sections [6, 71 and hybrid external cavity semiconducor lasers [8] . The approximately logarithmic attenuation variation with applied voltage characteristic of EAMs means that they have a much lower duty cycle than a conventional linear intensity modulator, making them very attractive for mode-locking applications, as the effective modulation frequency can be much higher than the applied sinusoidal electrical driving frequency. Their relatively low damage threshold means that they tend, however, not to be compatible with the high peak powers that can occur within erbium fibre lasers, particularly in the case of Q-switching. In this Letter we report a novel 1OGHz actively mode-locked unidirectional ring laser constructed from discrete components that uses a semiconductor laser amplifier as the gain medium and an EAM with a short temporal switching window as an amplitude modulator. The laser cavity configuration is shown schematically in Fig. 1 . It was composed entirely from fibre-pigtailed devices. The gain was provided by an InGaAsP semiconductor laser amplifier (SLA). Ths device was 1 mm long with anti-reflection coated facets and had a gain peak at -1 . 5 5~ when driven with a current of 300mA. Faraday isolators (FI) were placed either side of the SLA to ensure unidirectional operation and minimise spurious reflections into the SLA which would result in reduced gain. Following the SLA, a tunable bandpass filter with a full width at half-maximum (FWHM) of 2.5nm, was included to allow control over the lasing wavelength. A polarisation controller (PC) was added to adjust the state of polarisation injected to the EAM. The EAM had a 3dB electrical bandwidth of 10.7GHz, a maximum attenuation of -24dB and a fibre-to-fibre insertion loss of -9dB and was driven with a iionlinal l0GHz RF electrical signal and a DC bias.
The same device has previously been used in a linear configuration to directly generate pulses as short as 6ps [9] . Finally, the loop was completed with a fused fibre coupler which provided a 10% output. The cavity was measured to have a fundamental mode frequency of 10.4MHz, corresponding to an overall length of -19.8m.
The SLA was driven with a current of -3OOmA and the EAM biased at a DC voltage of -7.5V with an RF signal of -1OV peakto-peak (into 50Q). The filter was tuned to 1 . 5 6 p , the wavelength at which the modulator provides optimum performance. The absolute RF frequency was then adjusted slightly until it corresponded to an exact multiple of the cavity round trip frequency (the 961st harmonic, in this case). The output pulses produced were measured using a scanning autocorrelator and optical spectrum analyser. The maximum output power was only -16pW, due to the insertion loss of the EAM, the relatively small output coupling factor and the fact that the SLA was operated at a wavelength some distance away from its gain peak. An erbium-doped fibre amplifier was used to boost the output power prior to measurement of the autocorrelation and in all cases the pulse shape was assumed to be Gaussian, as predicted by AM active modelocking theory [lo] . Pulse shaping effects due to fibre nonlinearity are not expected to be significant at the very low powers present in this laser. The output pulses were found to be -4 . 7~~ long with a timebandwidth product of 0.73, indicating that they were significantly chirped. By splicing a 200m length of dispersion compensating fibre with a group delay dispersion of -57psinm.km to the output of the laser it was possible to compress these pulses down to 3 . 0~s . The spectral FWHM was 1.26nm, yielding a time-bandwidth product of 0.46 which indicates that these compressed pulses were close to transform-limited (c.f AVAT = 0.44 for a transfom-limited Gaussian pulse). This is in reasonable agreement with Kuizenga and Siegman's theory of AM mode-locking, which predicts a duration of 4.4ps, assuming an effective modulation frequency of 46.5GHz [ll] (using a modulation frequency of lOGHz predicts 9.7ps pulses). The EAM provides additional chirp, which enables further compression of the pulses at the output. Fig. 2 show the autocorrelation trace and (inset) spectrum of these pulses. It can be seen that the spectrum is slightly asymmetrical with a 'tail' on the shorter wavelength side. This is thought to be due to the gain dynamics of the SLA when operating in this regime of short pulses at a high repetition rate. It has been shown that the injection of a CW saturating beam into an SLA can have the effect of significantly enhancing the gain recovery rate [12] . It is possible that the chirping caused by the amplifier could be reduced by injecting CW light into the SLA via a WDM coupler spliced into the ring cavity at the point denoted by 'W in Fig. 1 . For this to be successful, however, sufficient gain must still be available from the SLA to keep the laser above threshold. Investigation of this is the subject of further work. Adjustment of the polarisation controller varied the output power over a range of -2dB, but did not affect the pulse duration or spectral content of the output.
The tuning range of the laser was investigated by adjustment of the tunable fdter. For each different operating wavelength, the EAM driving frequency was adjusted to compensate for the optical cavity length change due to dispersion. The laser was found to produce pulses of < 3.5ps duration over a continuously tunable range from 1548 to 1565nm. These lower and upper wavelength limits were determined by the gain bandwidth of the SLA and the operating range of the EAM respectively. Despite the fact that no active stabilisation techniques were used and the entire cavity was composed of non-polarisation maintaining fibre the laser was found to be stable under laboratory conditions for timescales of an hour or more. If increased stability were required the well known techniques of regenerative mode-locking or active cavity length control could be implemented.
Further improvements in the pulse duration and output power are expected through the use of a lower insertion loss modulator and a broader bandpass filter. Additional gain would also be available if the gain peak of the SLA used were to coincide with the optimum operating wavelength of the EAM. This is the subject of further work. Further investigation is also required to properly investigate the influence of SLA gain dynamics on the pulse durations and repetition rates attainable in such a system, and whether the short upper state lifetime of the SLA results in reduced supermode noise on the laser output compared with erbium-based systems [3, 131.
In conclusion, we have reported a novel lOGHz actively modelocked laser, tunable over a range of 17nm. This utilised a discrete semiconductor laser amplifier as the gain medium and an electroabsorption amplitude modulator. The nonlinear modulation and chirp characteristics of the EAM enabled the generation of almost transform-limited 3ps Gaussian pulses, significantly shorter than those predicted for a modulation frequency of lOGHz by conventional active mode-locking theory.
